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ARTICLE INFO ABSTRACT

Keywords: The negative environmental impacts of Ordinary Portland Cement (OPC)-based materials, including high carbon
Calcined clay emission, energy-intensive manufacturing process, and freshwater consumption, can be minimized by capital-
Seawater izing on the concepts of ancient Roman concrete. Accordingly, this study presents a pathway of producing du-
Roman concrete . se 1. . . .

NMR rable and sustainable seawater concrete by mimicking the cementation of ancient Roman concrete. Calcined
XRD clays with blended minerals (kaolinite and montmorillonite), portlandite, and seawater were used to produce

these binder mixtures. The evolutions of the reaction products of the seawater-cured paste samples were
monitored for up to 56 days using Thermogravimetric analysis (TGA), X-ray diffraction (XRD), Nuclear Magnetic
Resonance (NMR), and Scanning Electron Microscopy-Energy Dispersive Spectroscopy (SEM-EDS). Because of
the high alkalinity (pH 8.2) of seawater, it acts as an activator for the calcined clay-portlandite mixtures elim-
inating the need for additional alkali activators. Accordingly, in the presence of seawater, the reaction between
calcined clay and portlandite happens relatively rapidly, and compressive strengths of around 17 MPa can be
achieved within 7 days. The early age strengths of these samples were primarily attributed to the formation of
hydrocalumite. With increasing curing duration, geopolymer gel, C-A-S-H, ettringite, and phillipsite were
formed. Both C-A-S-H and phillipsite showed binding of chlorides. Only phillipsite showed sequestration of
sulfates in the matrix. The calcined clay blends containing 50 to 75% kaolinite performed better than the samples
containing 100% kaolinite in terms of reaction rate and compressive strengths.

1. Introduction

Ordinary Portland Cement (OPC)-based materials are often heavily
criticized because of their high carbon footprint, energy-intensive
manufacturing process, and consumption of freshwater (Monteiro
et al., 2017; Scrivener et al., 2018; Miller et al., 2018). Most of these
environmental impacts could be minimized using the construction ma-
terials used by ancient Roman engineers nearly 2000 years ago
(addressed as ‘Roman concrete’ hereafter). Roman concrete offers a
lower carbon footprint and lower freshwater consumption compared to
OPC (Jackson et al., 2012a; Palomo et al., 2019; Yi et al., 2020). In
addition to the environmental considerations, Roman concrete also
represents the epitome of extremely durable cement-based materials,
especially against seawater and alkali-silica reaction (ASR). Roman
concrete exposed to harsh maritime environments remains in a
remarkable condition even 2000 years after construction, while modern
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ordinary Portland cement (OPC) concrete shows degradation within 32
weeks of exposure to seawater (Santhanam et al., 2006; Yi et al., 2020).
Finally, by replicating the role of reactive aggregates in Roman concrete,
it may be possible to minimize the ASR (Rajabipour et al., 2015) damage
of concrete. Accordingly, mimicking the hardening mechanisms and
properties of Roman concrete using the currently available material
sources presents a promising path towards the development of a dura-
ble, resilient, and sustainable marine concrete.

Several previous studies (Jackson et al., 2012; Jackson et al., 2013,
2014, 2017, 2018; Macfarlane et al., 2021) have provided comprehen-
sive insights on the mineral formations and chemo-mechanical charac-
teristics of Roman concrete. Based on these studies (Jackson et al.,
2012b; Jackson et al., 2013, 2014, 2017, 2018), as well as recent trials to
produce Roman concrete (Oleson et al., 2006; Gotti et al., 2008; Palomo
et al., 2019) and other related studies (Pollio, 1914; Vanorio and
Kanitpanyacharoen, 2015; Rhodes, 2018; Maragh et al., 2019), it is
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known that Roman concrete was produced using a mixture of natural
volcanic ash, slaked lime, and volcanic aggregates. It has been suggested
that, in the presence of seawater, these ingredients went through a series
of pozzolanic and post-pozzolanic reactions to form C-A-S-H, Al-
tobermorite, and zeolitic phases in the matrix as well as in aggregate
pores and interfaces (Jackson et al., 2017). While the binding phases
present in Roman concrete are significantly different than those in OPC
concrete (e.g., C-S-H and Ca(OH)>), reaction products similar to those in
Roman concrete can be obtained in alkali-activated materials (Provis
and Bernal, 2014). Attempts to reproduce Roman concrete via alkali
activation of aluminosilicates or lime-pozzolan binder reactions are not
new (Vejmelkova et al., 2012). A recent article (Palomo et al., 2019)
summarized such attempts with the current level of understanding of
Roman concrete. It is important to note that Roman concrete was
essentially formed by mixing pozzolanic material (e.g., volcanic ash,
aggregates) and portlandite (slaked lime) whereas modern efforts of
replicating this ancient material have mostly involved using additional
alkali activators, such as NaOH, Na;SOg4, and NaySiO3 (Palomo et al.,
2019). This modification is understandable considering the lime-
pozzolan binder often shows very slow reactivity and low strength
(Hewlett and Liska, 2019). Due to the presence of alkali activators, the
modern replicates often contain additional sodium-rich gel phases
which are unlikely or present in lesser amounts in Roman concrete
(Alonso and Palomo, 2001a; Alonso and Palomo, 2001b; Granizo et al.,
2002; Garcia-Lodeiro et al., 2013; Palomo et al., 2019). The challenging
aspect is that the commonly used alkali activators have high carbon
footprints, and depending on the activator sources, some of these
alternative cementitious materials may even pose a higher carbon
footprint than OPC (Habert and Ouellet-plamondon, 2016). In addition
to the activator use, the selection of appropriate pozzolanic material
poses a challenge for the reproduction of Roman concrete. Past attempts
at reproducing Roman concrete primarily used coal fly ash and blast
furnace slag (Palomo et al., 2019). However, the availabilities of these
raw materials, especially coal fly ash, are limited (or declining) in
several regions in the world (Juenger et al., 2019).

Considering the above factors, in this work, calcined clay was used to
mimic the cementation process of Roman concrete. Due to the abundant
presence of natural clay deposits throughout the world, calcined clay is a
more readily available pozzolanic material as compared to industrial by-
products (Scrivener et al., 2018a; Maier et al., 2021). The applications of
calcined kaolinite (i.e., metakaolin, MK) as a pozzolanic material or
precursor of alkali-activated material have been heavily explored during
the past few decades (Tironi et al., 2012; Juenger and Siddique, 2015;
Khalifa et al., 2020). Multiple studies have shown that due to the high
reactivity along with a high specific surface area, calcined kaolin can be
used as an effective precursor (Yunsheng et al., 2010; Du and Pang,
2020; Ababneh et al., 2022). However, natural clay deposits contain
various minerals in addition to kaolinite (Kaol) (Weems, 2022). There-
fore, in this work, to ensure wider applicability of the raw material,
calcined clay containing blended Kaol and montmorillonite (Mt) was
used as the source of pozzolanic material. Furthermore, similar to
Roman concrete, seawater was used for mixing and curing the calcined
clay and portlandite paste batches without the presence of any other
alkaline activators. Finally, the strength, micro and nano structural
characteristics of the produced paste samples were evaluated and
compared with those of Roman concrete. Briefly, the goals of this study
were as follows: (i) evaluate the effectiveness of calcined clay containing
blended minerals as the pozzolanic material to mimic the microstructure
and mechanical performance of Roman concrete, and (ii) by mimicking
the microstructure of the Roman concrete, provide a better under-
standing of the reactions that occurred in this ancient construction
material in the early stage (up to 56 days).
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2. Materials and methods
2.1. Raw materials

Kaol and Mt were procured from VWR. X-ray Diffraction (XRD)
patterns of the powdered samples were obtained using a Cu Ka source.
The diffraction patterns were obtained for the 20 range from 5° to 60°
using a step size of 0.02 (20) per second. Based on the XRD patterns
(Fig. 1(a)), full amorphization of Mt was achieved after calcining at
900 °C for two hours. Partial amorphization of this clay mineral was
achieved after 750 °C. In the case of Kaol, full amorphization was ach-
ieved after calcining at 750 °C for two hours (Fig. 1(b)). Accordingly, the
clay blends were calcined at 750 °C to achieve full reactivity of Kaol,
partial reactivity of Mt, and to avoid recrystallization of Kaol. The
calcined clay was then used as the pozzolanic material to recreate the
cementing process of Roman concrete. The XRD patterns of raw clay
minerals also confirmed the absence of any impurity (e.g., quartz) in
these materials (Fig. 1 a,b). The particle size distributions of the calcined
clays, as obtained using a laser particle size analyzer, are shown in Fig. 1
(c). The dsp were 20.16 pm and 36.16 pm for calcined kaolin and
calcined montmorillonite respectively. Calcined kaolin particles were
1.8 times finer than the montmorillonite. The oxide contents of the clay
samples are shown in Table 1.

2.2. Mix batches

A series of mix batches with variable (i) pozzolan (i.e., calcined clay)
to portlandite ratios (2:1 to 4:1) and (ii) clay mineral ratios (Kaol and
Mt) were prepared. Details of these mixture series are given in Table 2.
The calcined clay to portlandite ratios were selected based on ancient
texts on Roman concrete (Pollio, 1914). Artificial seawater, prepared as
per ASTM D1141 (Table 3), was then added to the dry mixtures of
calcined clay and portlandite to achieve paste like consistency. Several
trial batches were prepared to identify the optimum seawater to binder
ratio as shown in Fig. 2. The optimum seawater to binder (portlandite +
calcined clay) ratio to achieve such consistency was found to be 0.60.
The samples were cured in seawater at room temperature. The samples
were taken out of the seawater at specific durations (7 days, 28 days, 56
days). The hydration reaction of the samples was arrested by the solvent
exchange method and isopropanol was used in this procedure.

2.3. Experimental methods

2.3.1. Thermogravimetric analysis (TGA)

The commercially available TGA 550 TA instrument was used in this
study. Paste samples were first ground using a mortar and pestle, and
then approximately 35- 40 mg of ground powder sample was loaded
into a platinum pan and kept in an isothermal condition at around 25 °C
for 5 min. Afterwards, the temperature of the TGA chamber was
increased to 980 °C with a ramp of 15 °C per minute. N5 gas was purged
in the entire process. Initially, for a few batches, three replicate samples
were tested through TGA to validate for any deviation in carbonation
across samples. The test result deviations were less than 2% by weight of
the samples. Due to the low deviation, TGA was performed with only one
sample for the remainder of the batches. The following decomposition
temperatures were used for analysis of the TGA data in this current
study: chemically bound water decomposes between 100 and 600 °C
(Villain et al., 2007; Deboucha et al., 2017; Scrivener et al., 2018b),
chemically bound water usually implies the water which combines with
different phases of binder, and Ca(OH), decomposes to CaO and H»O at
around 450 °C (Villain et al., 2007; Scrivener et al., 2018b).

2.3.2. Isothermal calorimeter

First, dry mixtures of portlandite and calcined clay were prepared as
per the proportions given in Table 2. Approximately 15 g of the dry mix
sample was put in a glass vial and then placed inside an isothermal
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Fig. 1. Raw material characterization: (a) XRD pattern of Mt, (b) XRD pattern of Kaol, and (c) particle size.
Table 1 Table 3
Oxide contents (weight %) of the clays. Composition of artificial seawater as per ASTM D1141.
SiO, Al,O3 Fe,03 CaO MgO NaoO K>,0 Compound Concentration, g/L Compound Concentration, g/L
Kaolinite 53.06 42.9 0.92 0.06 0.14 0.04 0.29 NaCl 24.53 Ba(NOs3), 0.0000994
Montmorillonite ~ 64.37 2247  4.24 1.71 235  0.60 0.22 MgCl, 5.20 Mn(NO,)> 0.0000340
NaySO4 4.09 Cu(NO3)2 0.0000308
CaCl, 1.16 Zn(NO3), 0.0000096
KCl 0.695 Pb(NO3), 0.0000066
Table 2 NaHCO3 0.201 AgNO; 0.00000049
Mixture IDs and compositions. KBr 0.101
H3B .02
Mix Calcined kaolinite to montmorillonite Calcined clay to portlandite sBOs 0.027
D " i SrCl, 0.025
ratio ratio NaF 0.003
M1 100:0 2:1
M2 50:50 2:1
M3 75:25 2:1 calorimeter (TAM Air, TA instrument) to monitor the heat of hydration.
M4 18018 ;1 After placing the samples inside the calorimeter, it needed around 45
M . : s a1s : . s
Mz ;5.25 31 min to stabilize the heat flow signals. Once the signals were stabilized,
M7 100:0 41 seawater (or deionized water) was injected to the dry mix using syringes.
M8 50:50 41 In this approach, the heat of reaction was obtained starting immediately
M9 75:25 4:1

after adding the water and continuing up to about 7 days. The heat of
reaction measurements was collected at an ambient temperature of
23 °C.
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Fig. 2. Pictures showing the sample preparation steps and the identification of optimum seawater to binder ratio.

2.3.3. Scanning electron microscope - energy dispersive spectroscopy (SEM-
EDS)

The microstructure of the calcined clay-portlandite pastes was
evaluated using the Hitachi 3000 N SEM. The instrument was operated
in high-vacuum mode with a 30-kV accelerated voltage and a working
distance of about 10 mm. The cement paste sample was coated with
Platinum (Pt) before capturing the SEM images. This experiment was
carried out on the fractured surface of the paste samples.

2.3.4. Solid state nuclear magnetic resonance (NMR)

All the Al solid-state NMR experiments were conducted at 17.6 T
on a Varian VNMRS 750 MHz spectrometer at the SCS NMR Facility of
the University of Illinois at Urbana-Champaign, operating at resonance
frequency of 10 (Al = 195.4 MHz, at room temperature. A Varian 4
mm triple-resonance HXY T3 Narrow Bore (NB) magic-angle spinning
(MAS) probe was used for all MAS experiments under spinning rates of
7-15 kHz. All samples were finely ground and packed into 4 mm o.d.
standard zirconia rotors (typically around 60-85 mg). Experimental
aluminum chemical shift referencing, pulse calibration and setup were
done using 1 M AI(NOs)3 solution, which has a chemical shift of 0.00
ppm. The %Al pulse width used was 1.67 ps, which is the selective 90-
degree pulse for I = 5/2 (based on the non-selective 90 degree of 5
ps). A recycle delay of 1 s or 5 s was used and 256-1400 scans were
acquired for each sample.

All the 2°Si solid-state NMR experiments were conducted at 7.05 T on
a Varian Unity Inova 300 MHz spectrometer at the SCS NMR Facility of
the University of Illinois at Urbana-Champaign, operating at resonance
frequency of v0 (ZQSi) = 59.6 MHz, at room temperature. A Varian/
Chemagnetics 7.5 mm double-resonance APEX HX magic-angle spinning
(MAS) probe was used for all MAS experiments under spinning rate of 4
kHz and TPPM 1H decoupling. All samples were finely ground and
packed into 4 mm o.d. standard zirconia rotors (typically around
210-580 mg). Experimental silicon chemical shift referencing, pulse
calibration and setup were done using powdered octakis(trimethylsi-
loxy)silsesquioxane (Q8MS8), which has a chemical shift of 11.45 ppm,
relative to the primary standard, TMS at O ppm. The 2954 pulse width
used was 1.5 ps, corresponding to a 45-degree pulse. A recycle delay of
30s was used and 1920 scans were acquired for each sample. The
equation for calculation of Si/Al ratio and degree of reaction (8; and 841)
can be found in previous studies (Gao et al., 2017; Lin et al., 2021).

2.3.5. X-ray diffractions

X-ray Diffraction (XRD) patterns of the powdered samples were ob-
tained using a Cu Ka source. The diffraction patterns were obtained for
the 20 range from 5° to 60° using a step size of 0.02 (20) per second.

2.3.6. Compressive strengths

The compressive strengths of the 25 mm cube samples prepared from
the paste were measured after 7, 28, 56, and 90 days of submerged
curing in seawater at room temperature. The compressive strength was
measured via the MTS Landmark servo hydraulic test system using a
displacement rate of 0.02 mm/s.

3. Results
3.1. Heat of reaction

Fig. 3 shows the heat of reaction values of the calcined clay-
portlandite mixture with the addition of seawater. Worthy to note,
similar measurements were performed in the case of deionized water
addition in calcined clay and portlandite mixtures (supplementary
Fig. S.1). However, it was evident that the heat of reaction for such a
system was significantly increased due to the use of seawater instead of
deionized water. Such acceleration effect due to the addition of seawater
can be attributed to the presence of chloride and sulphate ions in the
system. Accordingly, it can be postulated that the seawater acts as an
activator for such a portlandite - calcined clay binder system. The
seawater-containing batches also showed two distinct peaks in the heat
flow measurements (Fig. 3b). The first intense heat flow peak, imme-
diately after the addition of seawater, can be attributed to the dissolu-
tion of the solid phases (i.e., calcined clay and portlandite). The second
heat flow peak appeared from 2 to 50 h after the addition of seawater.
This second heat flow peak appeared to be similar to those typically
observed in the case of OPC hydration reactions. Among the seawater-
containing batches (Fig. 3a), the highest heat release was obtained
from the M3 batch, which contained a 75:25 proportion of calcined Kaol
and Mt along with a calcined clay to portlandite ratio of 2:1. On the
other hand, the highest heat flow peak was obtained from the M4 batch
that contained calcined Kaol and portlandite in a 3:1 ratio (no Mt).
Therefore, the rate of reaction in such systems depends on the relative
combinations of calcined clay minerals and portlandite, and a direct
correlation with only one ingredient can be misleading. Regardless, it
was observed that the heat release from the batches containing a
calcined clay-to-portlandite ratio of 4:1 was very low, indicating there
was not enough portlandite in these systems to continue the reaction.

3.2. Portlandite consumptions

To understand the consumption rate of portlandite in the produced
system, thermogravimetric analyses (TGA) were performed. A typical
TGA plot with the decomposition temperatures of various hydrous
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Fig. 3. Heat of reaction of calcined clay-portlandite mixtures after the addition of seawater.

phases is shown in Fig. 4 (a). The decomposition temperatures for the
cement hydration products were selected based on previously published
data (Scrivener et al., 2018b). The amounts of portlandite present in the
paste samples were calculated from derivative thermogravimetric (DTG)
plots using a method published elsewhere (Scrivener et al., 2018b). It is
important to note that portlandite decomposes at about 400 to 500 °C
and brucite decomposes around 360 °C. Nevertheless, based on the
DTG/TGA measurements, the overall weight loss in the temperature
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Fig. 4. (a) Typical TGA plots for a calcined clay-portlandite mixture cured in
seawater and (b) relative amounts of portlandite present in the mixtures before
and after seawater curing.

range of 350 to 500 °C was low, and any attempt to separate brucite and
portlandite was avoided. It can be observed from Fig. 4 b, the starting
solid mixtures (pozzolan + portlandite) contained around 20 to 33% of
the portlandite. However, only the M1, M2, and M3 batches were found
to contain unreacted portlandite after 3 days. Among these batches, full
consumption of portlandite was achieved within 28 days for the M1 and
M3 batches, which contained relatively higher calcined Kaol content
compared to the M2 batch (Table 2). The M2 batch was found to have
around 2% unreacted portlandite even after 56 days of curing in
seawater. Considering the M2 was prepared using a 1:1 ratio of calcined
Kaol (high reactivity) and Mt (low reactivity), this low consumption rate
of portlandite was expected. All other sample batches (M4 to M9)
showed complete consumption of portlandite after 3 days of curing. This
finding confirms that in the presence of seawater, the reaction between
portlandite and calcined clay occurs rather rapidly.

3.3. Mineralogy of crystalline reaction products

3.3.1. Effects of blended clay minerals

Fig. 5 shows the crystalline microstructural phase evolution in the
calcined clay-portlandite paste samples for different clay-mineral
blending ratios. It is important to note that all of these systems had
more than 80% by weight amorphous phase. The nature and arrange-
ments of these amorphous phases are discussed in Section 3.4. Other
than the amorphous phases, a variety of crystalline products were
identified in these systems. Identification of these phases were also
compared with those reported in previous studies for similar binder
systems (Hewlett and Liska, 2019). As observed from Fig. 5 a, within 3
days of preparation and curing, the calcined Kaol-portlandite paste
formed a significant amount of hydrocalumite [[CazAl(OH)g]Cl-2H50,
Friedel’s salt], a layered double hydroxide (Leroux et al., 2002; Gevers
and Labuschagné, 2020). This mineral phase was formed by the reaction
of alumina from calcined clay, calcium from portlandite, and chloride
from seawater. Formation of hydrocalumite has also been reported to
form in Portland cement concrete in the presence of seawater and
metakaolin (Li et al., 2015). Additionally, a C-S-H (or C-A-S-H) type
phase was also identified by the broad peak at around 29° two-theta.
Other calcium- and alumina-bearing mineral phases, including gros-
sular [CagAl,(SiO4)3] and grossite [(CaAl407)] were formed after 3 days
of curing. Only a small amount of gypsum was found to be present in this
system. Interestingly, phillipsite was found to occur in the 3 days cured
samples. It is important to note that phillipsite is a zeolite mineral that
was also found in ancient Roman concrete (Jackson et al., 2017). Finally,
okenite [CaSi»0s-2H50], a hydrated calcium silicate mineral associated
with zeolite was also found in this system. Okenite is not traditionally
found in portland cement based systems, but previous studies have
shown formation of this phase in 30-year old concrete (Cole and Lan-
cucki, 1983). After 7 days of curing, the paste samples contained similar
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Fig. 5. XRD patterns of seawater-cured calcined clay-portlandite paste samples, (a) Kaol to Mt ratio of 100:0 — mix M4, (a) Kaol to Mt ratio of 75:25 — mix M6, and (c)
Kaol to Mt ratio of 50:50 — mix M5. Calcined clay to portlandite ratio for all these mixes was 3:1.

mineral phases as listed above, but with a slightly higher intensity. Two
new mineral phases were formed after 28 days of curing, including
ettringite [CagAla(SO4)3(OH)12-26H20] and gyrolite [NaCajgOgo
(OH)g-14H50]. Formation of ettringite was associated with a decrease in
the intensity of gypsum. Ettringite is known to be an expansive mineral
and often causes cracking of the matrix due to such expansion. However,
within the tested duration, the presence of ettringite did not show any
detrimental effect on the strength. The presence of gyrolite had previ-
ously also been reported in alkali activated dicalcium silicate systems
(Ashraf, 2018). After 56 days of curing, the intensities for gyrolite,
ettringite, hydrocalumite, okenite, and phillipsite were increased
without causing any other major mineral phase formation. Interestingly,
stratlingite (CapAl;Si07.8H30), a commonly found mineral in lime-
pozzolan binder systems (Frias et al., 2020), was not found in the pro-
duced paste samples. It should be noted that multiple factors such as
amounts of portlandite, age of specimen, and purity of clay affect the
formation of stratlingite. The combination of all the aforementioned
factors can be the cause of the absence of stratlingite in the present study
(Krishnan et al., 2019; Dhandapani and Santhanam, 2020; Alberto and
Sommariva, 2020; Shah et al., 2022).

The mineral phases present in the paste samples containing blended
clay minerals (Fig. 5b and Fig. 5¢) were similar to those observed in the
case of the pure calcined Kaol batch (Fig. 5a). However, with an increase
in the calcined Mt content, the intensities of hydrocalumite and phil-
lipsite increased as well. It is important to note that Kaol has a higher

alumina content (Si:Al = 1:1) compared to the Mt (Si:Al = 2:1).
Therefore, formation of higher amounts of the alumina-bearing phase
with increased amount of Mt was counterintuitive. We suggest that due
to slow reactivity of calcined Mt, addition of this mineral to calcined
Kaol caused a dilution. As such, the concentration of chlorides and
seawater ions per unit weight of calcined Kaol were higher in the case of
the Mt containing batches. Because of this dilution effect, higher
amounts of the alumina-bearing phases were formed in the case of the
blended clay minerals batches.

3.3.2. Effects of the calcined clay to portlandite ratios

The effects of the calcined clay-to-portlandite ratios on the miner-
ology are presented in Fig. 6. With increasing proportions of calcined
clays, the amount of hydrocalumite was increased in the paste after 3
days of curing. However, in the case of the 2:1 calcined clay-to-
portlandite ratio (Fig. 6a), the amounts of hydrocalumite kept
increasing within the tested duration. On the other hand, in the case of
higher pozzolan contents (Fig. 6b and Fig. 6¢), the amount of hydro-
calumite increased until 7 days, after which it started decreasing. Based
on the XRD patterns, after 7 days of curing, the supply of calcium ions
(from portlandite) was depleted which caused the dissolution of
hydrocalumite and formation of ettringite. Accordingly, after 56 days of
curing, the paste batch with the lowest portlandite ratio resulted in the
formation of the highest amount of ettringite and the lowest amount of
hydrocalumite. The relative intensities of phillipsite were also observed
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H: Hydrocalumite, PDF # 900-9354

E: Ettringite, PDF #901-2923

M: Montmorillonite

P: Phillipsite, PDF #900-9661

C: Calcium aluminum silicate hydrate (C-A-S-H)
O: Okenite, PDF #901-5623

S: Gypsum, PDF#101-1075

G: Gyrolite, PDF #900-9473

Gr: Grossite, Grossular, PDF #900-7447, #900-0626
N: Natrolite, PDF #900-5269

Fig. 6. XRD patterns of seawater-cured calcined clay-portlandite paste samples, (a) calcined clay to portlandite ratio of 2:1 — mix M3, (a) calcined clay to portlandite
ratio of 3:1 — mix M6, and (c) calcined clay to portlandite ratio of 4:1 — mix M9. Calcined Kaol to Mt ratio for all these mixes was 75:25.

to decrease with decreasing amounts of portlandite in the mixture.
Interestingly, at the lowest portlandite content (calcined clay: por-
tlandite = 4:1, Fig. 6¢) the paste matrix was found to contain halite
(NaCl) after 28 days of curing. The presence of halite indicates that Na *
and CI ions are retained in the diffused layer of reaction products. The
relative amounts of C-S-H were also decreased with decreasing amounts
of portlandite content in the mixture. Since the relative amounts of C-S-
H was lower, this allowed the easier formation of halite in the lowest
portlandite mix.

3.4. Characterization of amorphous reaction products

3.4.1. Observations from 2°Si MAS NMR

The 2°Si and %’Al solid-state nuclear magnetic resonance (NMR)
spectra of calcined Kaol and Mt are presented in Fig. 7. As expected from
previous studies (Slaty et al., 2013; Garg and Skibsted, 2019; Khalifa
et al., 2020), calcined Kaol and calcined Mt were primarily found to
contain highly polymerized Q*(nAl) structural units (where, n =
0,1,2,3,4 etc.). Fig. 8 shows the 295i NMR spectra of the M4, M5, and M6
paste batches after 56 days of curing in seawater. All of these samples
were found to contain overlapping peaks in the range of — 80 ppm to
—120 ppm. The relatively high intensity of the Q' peak, in addition to
the Q% and Q* peaks, indicate the co-existence of C-A-S-H and geo-
polymer gel. The coexistence of C-A-S-H and geopolymer gel in por-
tlandite and metakaolin mixtures has also been reported in the past
(Chen et al., 2018). In the presence of soluble Ca, it is expected that C-A-
S-H and geopolymer gel will co-exist in the alkali-activated material (Yip

et al.,, 2005, 2008; Puligilla and Mondal, 2015). Considering the co-
existence of C-A-S-H and geopolymer gel, the 2°Si NMR spectra of the
paste samples were then deconvoluted and the assigned peaks are listed
in Table 4. The nomenclature of peak as well as the equations for the
calculation of the Si/Al ratio and reaction degree can be found in pre-
viously published studies (Kobera et al., 2014; Chen et al., 2018;
Walkley and Provis, 2019; Zhang et al., 2020; Lin et al., 2021).

The Si/Al values given in Table 4 represent the average Si atoms
connected to tetrahedral Al atoms. It can be observed that the incor-
poration of calcined Mt results in higher Si/Al values compared to the
100% calcined Kaol clay batch. In general, the aluminosilicate gel is
divided into two categories: Gel 1 is Al-rich and Gel 2 is Si-rich (Duxson
et al., 2007). It is suggested that Gel 1 forms in the first stage of the
alkaline activation and eventually converts to Gel 2 with Si-enrichment
with the increased degree of reaction. Additionally, the formation of Gel
2 is expected to result in better mechanical performance (Duxson et al.,
2007), as was also observed in the compressive strength measurements
of the calcined clay-portlandite batches (details in Section 3.6).

As seen in Table 4, the reaction degree (8s) was highest for the
calcined clay blend containing Kaol: Mt of 75:25 followed by 50:50 and
then 100:0 blends. Therefore, for such calcined clay-portlandite systems,
the presence of Mt offers a higher degree of reaction than the pure Kaol
batch. However, it should be noted that a higher amount of montmo-
rillonite clay slightly lowers the reaction degree. This can be due to the
dilution effect caused by the reduced amount of Kaol. Nevertheless, the
reaction degree of all geopolymer mixes containing Mt clay was higher
than of the 100% Kaol clay batches. Furthermore, the presence of
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Fig. 7. (a) 293i NMR spectra of calcined Kaol, (b) 295i NMR spectra of calcined Mt, (c) 27A1 MAS NMR spectra of calcined Kaol, and (b) 27A1 MAS NMR spectra of

calcined Mt.

hydrocalumite and phillipsite in XRD patterns also indicated that
addition of Mt leads to a slightly higher degree of reaction.

3.4.2. Observations from ”Al MAS NMR

The 27 Al NMR spectra of calcined Kaol and calcined Mt are shown in
Fig. 7 (c and d). The three peaks are usually indicative of A" (6-coor-
dinated), Al (5-coordinated), and AIY (4-coordinated) structures of the
aluminosilicates present in the calcined clays. These characteristic ar-
rangements of Al in calcined Kaol and calcined Mt match previously
reported observations (Fernandez et al., 2011).

Fig. 9 shows the 2/Al NMR spectra of calcined clay and portlandite
paste samples cured in seawater for 56 days. The peaks in the chemical
shift ranges of 9 to 15 ppm, 20 to 40 ppm, and 60 to 80 ppm were
attributed to the presence of Al", Al", and A"V arrangements in the hy-
drated samples. The broad peaks observed in calcined Kaol and calcined
Mt (Fig. 7) were shifted to different positions after the alkali activation
using seawater and portlandite. The sharp new peak at 9 ppm was
assigned to hydrocalumite and other calcium aluminate hydrate phases
formed in this system, as also identified using XRD. The peak at 13 ppm
was assigned to the Al arrangement in ettringite based on the literature
(Skibsted et al., 1993; Faucon et al., 1998). The narrow width of these
two peaks also indicates a well-ordered octahedral structure confirming
the presence of Al-bearing crystalline reaction products. The broad peak
around 64 ppm represents the tetrahedral coordination of Al in C-A-S-H
and geopolymer gel (Wang and Scrivener, 2003; Sevelsted and Skibsted,
2015). The Al" sites observed around 33 ppm were also assigned to C-A-
S-H and geopolymer gel. Based on the 2”Al NMR spectra, there is not any
significant difference in the paste samples prepared with different
blending ratios of Kaol and Mt.

3.5. Microstructural observations

Fig. 10 shows the typically observed microstructural phases present
in calcined clay-portlandite paste samples cured in seawater. With
different curing durations and mix proportions, the relative amounts of

the mineral phases varied; however, there was not any new phase for-
mation. The most abundant products in these systems are the platy
phases as shown in Fig. 10 (a to d), with a composition of calcium,
aluminum, and silicates. This phase was identified as C-A-S-H with
bound chloride contents. The C-A-S-H phase also appeared to sequester
certain amounts of Na in it. It is worth noting that this phase should not
be confused with stratlingite, which also has similar composition and
plate morphology, considering that the XRD patterns did not show the
presence of this phase. Ettringite needles were also identified in the
calcined clay-portlandite paste samples. However, any excessive depo-
sition of this phase or formation of expansive cracks were not observed.
It is possible that the ettringite needles were intermixed with the C-A-S-
H phase as indicated by the presence of Si in EDS. The geopolymer gel
(N-A-S-H with a trace amount of calcium) was also observed in this
calcined clay-portlandite system. The presence of this type of gel was
confirmed by the NMR data (Fig. 7). The most interesting observation
was the formation of calcium rich phillipsite. Phillipsite needles were
abundant in this system, which primarily deposited in the pores. The
morphology of the formed phillipsite was similar to those observed in
ancient Roman concrete (Jackson et al., 2017). Phillipsite was also
observed to sequester sulfates and chlorides, similar to that of Roman
concrete.

3.6. Compressive strengths

Fig. 11 shows the compressive strengths of the calcined clay-
portlandite paste samples cured in seawater. After 56 days of curing,
the compressive strengths of the paste samples were in the range of 15 to
25 MPa. This strength is significantly higher than those achieved during
past attempts to recreate Roman concrete using fly ash (Palomo et al.,
2019), previous studies on calcined clay-lime binder activated with
NaOH (Boonjaeng et al., 2014), and traditional lime-pozzolans binders
(Massazza, 1993; Hernandez et al., 1998; Mccarthy and Dyer, 2019).
The relatively higher strengths of the produced calcined clay-lime
composites can be attributed to the fast reaction between Al present in
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Fig. 8. 2°Si MAS NMR spectra of seawater-cured calcined clay-portlandite paste
samples, (a) Kaol to Mt ratio of 100:0 — mix M4, (a) Kaol to Mt ratio of 75:25 —
mix M6, and (c) Kaol to Mt ratio of 50:50 — mix M5. Calcined clay to portlandite
ratio for all these mixes was 3:1.

clay and the minerals present in seawater. It is also important to note
that this system achieved a moderate strength of around 17 MPa within
only 7 days of curing in seawater. The relatively rapid hardening of this
system compared to the typical lime-pozzolan binder is attributed to the
presence of seawater, which led to the formation of hydrocalumite and
phillipsite in this system. Based on this work, it is evident that in the case
of lime-pozzolan binder mixed and cured with seawater, the first reac-
tion that leads to the hardening is the mineralization of ions present in
seawater. However, it is expected that such mineralization also depends
on the relative amounts of alumina present in the system.
Interestingly, among the calcined clay-portlandite batches, the
maximum compressive strength (~25 MPa) after 90 days of curing was
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Table 4
295i NMR peak assignments and relative proportions of peak areas.

Phases ppm Peak assignment Peak area proportions
Calcined kaolinite:
Calcined
montmorillonite ratios
100:0 50:50 75:25
M4 M5 M6
- 80 Q1 (0AD
C-AS-H QF(0AD), QB(0AD,
-82to-85 H
Qy(1AD
-80to-85 Q* (4Al) 44.22 29.81 28.42
-85t0-95 Q* (3Al) 8.49 11.34 15.01
-95to - 4
Geopolymer 100 Q" (2AD) 17.44 18.19 14.84
gel “100t0 - o4 g4y 757 884  20.60
105
-105to- Q* (0AD 13.24 31.82 21.11
120
Si/Al ratio 1.63 1.91 2.01
8si (%) 11.05 16.18 18.02
81 (%) 77.61 81.44 85.09
Al in
Hydrocalumite
Al in
Ettringite
AIY in C-A-S-H
and geopolymer Al in C-A-S-H
gel and geopolymer

gel
(a) 100% kaolinite

(b) 75% kaolinite + 25%

1
1
1
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1
1
1
1
1
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(c) 50% kaolinite + 50%
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Fig. 9. Al MAS NMR spectra of seawater-cured calcined clay-portlandite
paste samples, (a) Kaol to Mt ratio of 100:0 — mix M4, (a) Kaol to Mt ratio of
75:25 — mix M6, and (c) Kaol to Mt ratio of 50:50 — mix M5. Calcined clay to
portlandite ratio for all these mixes was 3:1.

obtained from the M3 mixture that contained the lowest calcined clay-
to-portlandite ratio (2:1) and Kaol -to Mt blending ratio of 75:25. For
different calcined clay-portlandite ratios, the highest 90-days compres-
sive strengths were consistently obtained from 75:25 Kaol to Mt
blending ratio. This observation matches the NMR finding that the paste
batches with 75:25 Kaol to Mt ratio attained highest degree of reaction.
Important to note, none of the batches showed decrease in the
compressive strength after 90 days of curing, even though there was an
increase in ettringite formation. Therefore, we suggest that all of the
crystalline phases, including ettringite, phillipsite, and hydrocalumite,
contributed positively to the strength after 90 days of curing.

4. Discussions

The findings of this study show that calcined clay is a viable option to
produce seawater concrete by mimicking the cementation of Roman
concrete. However, since the chemical composition of calcined clay is
unlikely to be similar to the volcanic ashes that were used by the ancient
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Fig. 10. SEM images with EDS showing different microscopic phases present in calcined clay-portlandite system: (a to d) platy C-A-S-H phase, (e to h) ettringite
needles, (i to 1) geopolymer gel, (m to s) phillipsite needles. The scale bar represents 10 microns

Roman engineers, it is understandable that the microstructure of the
samples produced in this work is not exactly similar to that of Roman
concrete. Comparing the 2°Si NMR spectra of the calcined clay-
portlandite system (Fig. 8) with those of Roman concrete (published
in (Jackson et al., 2012b), shown in supplementary Fig. S.2), it is
apparent that the developed system contains more polymerized binding
phase as evident by the broad peaks present in the range of — 90 to — 120
ppm. Therefore, although the presence of C-A-S-H (peaks around - 70 to
— 90 ppm) are the same in both of these systems, the developed mixture
contains additional geopolymer gel, which was not present in the Roman
concrete. Additionally, based on the %Al NMR, the developed system
contains crystalline ettringite and hydrocalumite with Al in octahedral
coordination as evidenced by the peaks at 9 and 13 ppm (Fig. 9). On the
other hand, the presence of Al octahedral coordination in Roman con-
crete is significantly low (supplementary Fig. S.2), even though it also
contains hydrocalumite and ettringite (Jackson et al., 2012). These
discrepancies between the developed calcined clay-portlandite system
and Roman concrete, including formation of higher amounts of ettrin-
gite, hydrocalumite, and formation of geopolymer gel, are attributed to
the relatively higher amounts of Al present in calcined clay. The
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chemical composition of the volcanic ash used in the production of
Roman concrete is not well known yet. However, based on the general
composition database (Vogel et al., 2017), volcanic ash contains around
13 to 19% Al;03, which is lower than the Al;O3 present in the clay
samples (Table 1). A higher Al content may have resulted a faster re-
action rate of calcined clays compared to that of volcanic ash, consid-
ering the presence of Al enhances the reactivity of amorphous
aluminosilicates by weakening the network due to the lower bond
strength of Al-O-Si compared to that of the Si-O-Si (Amilton et al., 2001;
Scholer et al., 2017; Nie et al., 2020). The high Al content of calcined
clay can also be considered beneficial, allowing the recreated system to
achieve higher mechanical strength. Although the compressive strengths
of ancient Roman concrete varies depending on the types of aggregate,
installation technique, and proportions (Jackson et al., 2009a), the
average reported compressive strength of the Roman concrete is around
6 MPa (Giavarini et al., 2006; Jackson et al., 2009b). The direct com-
parison of the strength of Roman ‘concrete’ with the produced ‘paste’
samples may not be fair as the former one contained porous aggregates
(volcanic tuffs, pumice). Nevertheless, the recreated system appears to
provide higher strength (25 MPa) than the ancient Roman concrete.
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5. Conclusion
The followings are the concluding remarks of the presented work:

(i) The primary microstructural phases in the calcined clay and
portlandite systems cured in seawater include phillipsite,
hydrocalumite, C-A-S-H, and ettringite which are also commonly
found in Roman concrete.

(ii) Calcined clay-portlandite paste produced using clay blends con-
taining around 50 to 75% by weight of calcined Kaol showed
faster reaction rate and superior mechanical performance
compared to those containing 100% calcined Kaol. Therefore,
natural Kaol clay with a certain level of impurities can be used for
the developed system.
Mineralization of ions (chlorides and sulfates) present in
seawater, especially the formation of hydrocalumite, was iden-
tified as one of the primary factors contributing to the compres-
sive strength development of the calcined-portlandite mixtures.
By comparing with previously published studies (Boonjaeng
et al., 2014), it was observed that the calcined clay-portlandite
mixture prepared with seawater provided higher strength than
those prepared using a NaOH solution (0.01 M to 10 M), hence
indicating the significant role of seawater ions in the performance
development of the calcined clay-portlandite systems.
Due to the relatively high Al content of calcined clay, the recre-
ated system was found to have geopolymer gel formation, which
was not present in Roman concrete. Regardless, the high Al
content also resulted in a faster reaction rate and higher strength
of the recreated system, therefore making it more appropriate for
modern applications.

(iii)

@iv)

This article primarily focused on understanding the mechanical
performance and reaction mechanism of the developed binder system.
The durability performances of the developed Roman-inspired binders
will be investigated in the future studies.
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